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Description 

[0001] This invention relates to apparatu s which when 
assembled is operable to reliquefy a compressed va- 
pour, particularly apparatus which is operable on board 
ship to reliquefy natural gas vapour. 
[0002] Natural gas is conventionally transported over 
large distances in liquefied state. For example, ocean 
going tankers are used to convey liquefied natural gas 
from a first location in which the natural gas is liquefied 
to a second location in which it is vaporised and sent to 
a gas distribution system. Since natural gas liquefies at 
cryogenic temperatures, i.e. temperatures below 
-100°C, there will be continuous boil-off of the liquefied 
natural gas in any practical storage system. Accordingly, 
apparatus needs to be provided in order to reliquefy the 
boiled-off vapour. In such an apparatus a refrigeration 
cycle is performed comprising compressing a working 
fluid in a plurality of compressors, cooling the com- 
pressed working fluid by indirect heat exchange, ex- 
panding the working fluid, and warming the expanded 
working fluid in indirect heat exchange, and returning 
the warmed working fluid to one of the compressors. 
The natural gas vapour, downstream of a compression 
stage, is at least partially condensed by indirect heat ex- 
change with the working fluid being warmed. One ex- 
ample of an apparatus for performing such a refrigerant 
method is disclosed in US patent 3 857 245. 
[0003] According to US patent 3 857 245 the working 
fluid is derived from the natural gas itself and therefore 
an open refrigeration cycle is operated. The expansion 
of the working fluid is performed by a valve. Partially 
condensed natural gas is obtained. The partially con- 
densed natural gas is separated into a liquid phase 
which is returned to storage and a vapour phase which 
is mixed with natural gas being sent to a burner for com- 
bustion. The working fluid is both warmed and cooled in 
the same heat exchanger so that only one heat ex- 
changer is required. The heat exchanger is located on 
a first skid-mounted platform and the working fluid com- 
pressors on a second skid-mounted platform. 
[0004] Nowadays, it is preferred to employ a non- 
combustible gas as the working fluid. Further, in order 
to reduce the work of compression that needs to sup- 
plied externally, it is preferred to employ an expansion 
turbine rather than a valve in order to expand the work- 
ing fluid. 

[0005] An example of an apparatus which embodies 
both these improvements is given in WO-A-98/43029. 
Now two heat exchangers are used, one to warm the 
working fluid in heat exchange with the compressed nat- 
ural gas vapour to be partially condensed, and the other 
to cool the compressed working fluid. Further, the work- 
ing fluid is compressed in two separate compressors, 
one being coupled to the expansion turbine. Although 
not disclosed in WO-A-98/43029 this conventional ap- 
paratus is so installed on board ship that the heat ex- 
changers and the compressor which is coupled to the 



expansion turbine are located in the cargo machinery 
room of the ship and the other compressor is located 
within the engine room. A need arises to simplify the ma- 
chinery arrangements of such an apparatus. 
5 [0006] According to the present invention there is pro- 
vided apparatus which when assembled is operable to 
reliquefy a compressed vapour by a method comprising 
performing an essentially closed refrigeration cycle 
comprising compressing a working fluid in at least one 
compressor, cooling the compressed working fluid by in- 
direct heat exchange in a first heat exchanger, expand- 
ing the cooled working fluid in at least one expansion 
turbine, warming the expanded working fluid by indirect 
heat exchange in a second heat exchanger, and return- 
ing the warmed expanded working fluid through the first 
heat exchanger to the said compressor, and at least par- 
tially condensing the compressed vapour in the second 
heat exchanger, wherein the apparatus comprises a f irst 
support platform on which a first pre-assembly including 
the second heat exchanger is positioned and a second 
support platform on which a second pre-assembly is po- 
sitioned, characterised in that the said compressor, the 
said expansion turbine and the first heat exchanger are 
all included in the second pre-assembly. 
[0007] By mounting the said compressor and the said 
expansion turbine on the same platform, they may both 
be located in the engine room, or a specially ventilated 
cargo motor room in the deck house, of an ocean going 
vessel on which the apparatus is to be used. In these 
locations the safety requirements that the compressor 
and the expansion turbine are required to meet are not 
as high as in other parts of the ship, for example an un- 
ventilated cargo machinery room. Thus, a useful simpli- 
fication of the apparatus is provided. Further, by locating 
the compressor and the expansion turbine on the same 
platform, they can be incorporated into a single ma- 
chine. If desired, the said compressor and said expan- 
sion turbine can be mounted on the same shaft, or, al- 
ternatively, they may all be ope rati vely associated with 
the same gear box. Not only does employing a single 
compression/expansion machine simplify the appara- 
tus, it also facilitates testing of the machinery prior to 
assembly of the apparatus according to the invention on 
board ship. 

[0008] Preferably, all inter-and after- coolers associ- 
ated with the said compressor are located on the second 
platform. This provides a further simplification over the 
known apparatus in which the compressors are located 
in separate parts of the ship requiring supplies of cooling 
water to both such parts. 

[0009] The compression/expansion machine prefera- 
bly includes no more than three compression stages. 
[0010] Preferably the said compressor and the said 
expansion turbine employ seals of a kind which mini- 
mise leakage of working fluid out of the working fluid cy- 
cle. Accordingly, instead of conventional labyrinthine 
seals, either dry gas seals or floating carbon ring seals 
are used instead. Even so, it is desirable that the appa- 
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ratus includes a source of make-up working fluid. By 
minimising the loss of working fluid, the amount of make- 
up working fluid that is required is similarly minimised. 
Since the working fluid is typically required at a pressure 
in the range of 10 to 20 bar (1000 to 2000 kPa) on the 
low pressure side of the cycle, this helps to keep down 
the size of any make-up working fluid compressor that 
might be required. If nitrogen is selected as the working 
fluid, it may alternatively become possible to employ a 
source of nitrogen which is already at the necessary 
pressure and thereby obviate the need for any make-up 
working fluid compressor whatever. For example, the 
source of the make-up nitrogen may be a bank of com- 
pressed nitrogen cylinders or, if the ship is provided with 
a source of liquid nitrogen, a liquid nitrogen evaporator 
of a kind that is able to provide gaseous nitrogen at a 
chosen pressure in the range of 1 0 to 20 bar. Such liquid 
nitrogen evaporators are well known. 
[0011] Preferably there is a third pre-assembly com- 
prising the make-up working fluid supply means on a 
third platform. 

[0012] Preferably the platforms used in the apparatus 
according to the invention are skid-mounted. 
[0013] Preferably, the first heat exchanger is located 
within a first insulated housing and the second heat ex- 
changer is located in a second insulated housing. 
[0014] Although the apparatus according to the inven- 
tion is particularly suitable for use in reliquefying natural 
gas, it may be employed to re liquefy the vapour of other 
volatile liquids or organic compounds that are transport- 
ed in a tank or tanks on board a ship, or are stored in a 
tank or tanks forming part of an on-shore or off-shore 
installation. 

[0015] The apparatus according to the invention will 
now be described by way of example with reference to 
the accompanying drawing which is a schematic dia- 
gram illustrating the different pre -assemblies that are 
employed in the apparatus and the flow of fluid there 
through. 

[0016] The drawing is not to scale. 
[001 7] Referring to the drawing, a ship 2 has in its hold 
thermally insulated tanks 4 for the storage of liquefied 
natural gas (LNG). The ship 2 also has an engine room 
6 and a deck house 8 divided into a cargo machinery 
room 8A which is not specially ventilated and a cargo 
motor room 8B which is kept safe by special ventilation. 
[0018] As LNG boils at cryogenic temperatures, it is 
not practically possible to prevent continuous vaporisa- 
tion of a small proportion of it from the storage tanks 4. 
The majority of the resulting vapour flows to a boil-off 
compressor 14, typically located in the cargo machinery 
room 8A with its motor located in the motor room 8B, 
there being a bulkhead sealing arrangement (not 
shown) associated with the shaft of the compressor 1 4. 
The compressor 14 raises the pressure of the excess 
natural gas vapour to a pressure suitable for its partial 
or total condensation by indirect heat exchange with a 
working fluid. (Conventionally, i.e if there is no vapour 



reliquefaction apparatus, the boil-off gas is used to heat 
a boiler or boilers associated with a steam turbine pro- 
pulsion system or is used in a diesel or gas engine. Typ- 
ically, in the apparatus according to the invention, any 
5 excess vapour can be so used.) The working fluid, typ- 
ically nitrogen, flows in an essentially closed cycle which 
will now be described. 

[0019] Nitrogen working fluid at the lowest pressure 
in the cycle is received at the inlet to the first compres- 

10 sion stage 22 of a single compression/expansion ma- 
chine 20 (sometimes referred to as a "compander") hav- 
ing three compression stages 22, 24 and 26 in series, 
and downstream of the compression stage 26, a single 
turbo-expander 28. The three compression stages and 

15 the turbo-expander are all mounted on the same drive 
shaft 30 which is driven by an electric motor 32 or other 
suitable driving means. In an alternative arrangement, 
the compression stages 22, 24, 26 and a turbo-expand- 
er 28 may all be operatively associated with a gear box 

20 (not shown) and have independent drive shafts (not 
shown). Whatever the arrangement, however, the com- 
pression-expansion machine 20 including the motor 32 
is located either in the engine room 6 or in the cargo 
motor room 8B. In operation, nitrogen flows in sequence 

25 through the compression stages 22, 24 and 26 of the 
compression-expansion machine 20. Intermediate 
stages 22 and 24 it is cooled to approximately ambient 
temperature in a first interstage cooler 34 and, interme- 
diate compression stages 24 and 26, the compressed 

30 nitrogen is cooled in a second interstage cooler 36. Fur- 
ther, the compressed nitrogen leaving the final compres- 
sion stage 26 is cooled in an after-cooler 38. Water for 
the coolers 34, 36 and 38 may be provided from the 
ship's clean water circuit (not shown) and spent water 

35 from these coolers may be returned to the water purifi- 
cation system (not shown) of this circuit on board the 
ship 2. 

[0020] Downstream of the after-cooler 38 the com- 
pressed nitrogen flows through a first heat exchanger 

40 40 in which it is further cooled by indirect heat exchange 
with a returning nitrogen stream. The heat exchanger is 
located in a thermally-insulated container 42 sometimes 
referred to as a "cold box". The heat exchanger 40 and 
its thermally-insulated container 42 are, like the com- 

45 pression-expansion machine 20, located in the engine 
room 6 or in the cargo motor room 8B of the ship 2. 
[0021] The resulting compressed, cooled, nitrogen 
stream flows to the turbo-expander 28 in which it is ex- 
panded with the performance of external work. The ex- 

50 ternal work is providing a part of the necessary energy 
needed to compress the nitrogen in the compression 
stages 22, 24, 26. Accordingly, the turbo-expander 28 
reduces the load on the motor 32. The expansion of the 
nitrogen working fluid has the effect of further reducing 

55 its temperature. As a result it is at a temperature suitable 
for the partial or total condensation of the compressed 
natural gas vapour. The expanded nitrogen working fluid 
flows to a second heat exchanger 46, located in a ther- 
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mally-insulated container ("cold box") 48 and either par- 
tially or totally condenses the compressed natural gas 
vapour passing countercurrently therethrough from the 
compressor 14. The heat exchanger 46 and its contain- 
er 48 are located in the cargo machinery room 8A. 
[0022] The nitrogen working fluid, now heated as a re- 
sult of its heat exchange with the condensing natural gas 
vapour, flows back through the first heat exchanger 40 
thereby providing the necessary cooling for this heat ex- 
changer and from there to the inlet of the first compres- 
sion stage 22 thus completing the working fluid cycle. 
[0023] Although it is possible to liquefy the entire flow 
of natural gas through the heat exchanger 46, as can 
be deduced from the drawing, only some (typically from 
80 to 99%) of the natural gas is in fact condensed. In 
accordance with long established and well known prin- 
ciples of thermodynamics, the yield of the condensate 
depends on the pressure and temperatures at which the 
condensation takes place. The mixture of condensate 
and residual vapour flows to a phase separator 50 (lo- 
cated in the cold box 48) in which the liquid phase is 
disengaged from the vapour phase. 
The liquid is returned from the phase separator 50 to the 
tanks 4. The remaining vapour may be sent to any aux- 
iliary boiler, to the vented to the atmosphere, depending 
on its composition. 

[0024] In operation of the apparatus shown in the 
drawing, the boiled-off natural gas typically leaves the 
compressor 1 4 at a pressure in the order of 4.5 bar and 
a temperature in the order of -70°C and typically leaves 
the heat exchanger 46 at a temperature in the range of 
-1 40°C to -1 50°C depending on its composition and de- 
pending on the proportion of it that is condensed. The 
circulating nitrogen working fluid typically enters the first 
compression stage 22 at a temperature in the range of 
20 to 40°C and a pressure in the range of 1 2 to 1 6 bars. 
The nitrogen leaves the after-cooler 38 typically at a 
temperature in the range of 25 to 50°C and a pressure 
in the range of 40 to 50 bar. It is typically cooled to a 
temperature in the order of - 110 to -120°C in the first 
heat exchanger 40. It is expanded in the turbo-expander 
28 to a pressure in the range of 1 2 to 1 6 bar and a tem- 
perature sufficiently low to effect the desired condensa- 
tion of the natural gas in the second heat exchanger 46. 
[0025] Although the nitrogen working fluid cycle is es- 
sentially closed, there is typically a small loss of nitrogen 
through the seals of the various compression and ex- 
pansion stages of the compression-expansion machine 
20. As mentioned above, such losses can be minimised 
by appropriate selection of seals. Nonetheless, it is de- 
sirable to provide the closed circuit with make-up nitro- 
gen. This is preferably done at the lowest nitrogen pres- 
sure in the circuit. To this end, the apparatus according 
to the invention preferably includes a supply 60 of make- 
up nitrogen. The supply 60 may for example comprise 
a bank of nitrogen cylinders. It is also possible, if it con- 
tains minimal hydrocarbons, to use the nitrogen ob- 
tained as the vapour phase in the phase separator 50 



for this purpose. If this is done, however, a small make- 
up compressor (not shown) will be needed so as to raise 
the nitrogen to the inlet pressure of the f irst compression 
stage 22. 

5 [0026] In accordance with the invention, the appara- 
tus embodying the nitrogen-working fluid cycle are put 
together in two pre-assemblies which are located on re- v 
spective skid-mounted platforms. Thus, the second heat 
exchanger 46, its thermally-insulated container 48, and 

10 the phase separator 50, which is preferably located in f 
the same thermally-insulated container as the heat ex- 
changer 46 and all the necessary piping are pre-assem- 
bled to form a first pre-assembly 72. The first pre-as- 
sembly is mounted on a first skid-mounted platform 70. 

15 The compression-expansion machine 20 and the heat 
exchanger 40 and its thermally-insulated container 42 
and all the necessary piping are pre-assembled to form 
a second pre-assembly 82 on a second skid-mounted 
platform 80. If desired, the make-up nitrogen supply 

20 means 60 may be provided on a third skid-mounted plat- 
form 90. It is also possible to locate the boil-off compres- 
sor on a fourth skid-mounted platform 1 00 located in the 
cargo machinery room 8A. The pre-assemblies are pref- 
erably tested at the site of pre-assembly, transported to 

25 the ship or other vessel in which they are to be located 
and then joined together in an appropriate manner using 
thermally insulated piping or conduits to enable the ap- 
paratus to function in accordance with the invention. 
[0027] Various changes and additions may be made 

30 to the apparatus according to the invention. For exam- 
ple, as previously stated, all the natural gas vapour en- 
tering the second heat exchanger 44 may be condensed 
therein thereby enabling the phase separator 50 to be 
omitted. Further, if desired, the working fluid cycle may 

35 be employed to generate an excess of refrigeration over 
that required for the partial or total condensation of the 
natural gas vapour. If so, such additional refrigeration 
may be employed in another cooling duty and an addi- 
tional heat exchanger may be provided so as to perform 

40 that duty. 



Claims 

45 1. Apparatus which when assembled is operable to 
re liquefy a compressed vapour by a method com- 
prising performing an essentially closed refrigera- 
tion cycle comprising compressing a working fluid 
in at least one compressor, cooling the compressed 

50 working fluid by indirect heat exchange in a first heat 

exchanger, expanding the cooled working fluid in at <- 
least one expansion turbine, warming the expanded 
working fluid by indirect heat exchange in a second 
heat exchanger, and returning the warmed expand- s 

55 ed working fluid through the first heat exchanger to 
the said compressor, and at least partially condens- 
ing the compressed vapour in the second heat ex- 
changer, wherein the apparatus comprises a first 
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support platform on which a first pre-assembly in- 
cluding the second heat exchanger is positioned 
and a second support platform on which a second 
pre-assembly is positioned, characterised in that 
the said compressor, the said expansion turbine 5 
and the first heat exchanger are all included in the 
second pre-assembly. 

2. Apparatus as claimed in claim 1 in which the said 
compressor and the said expansion turbine are in- io 
corporated into a single machine. 

3. Apparatus as claimed in claim 1 or claim 2, in which 
all inter- and after-coolers associated with the said 
compressor are located on the second platform. is 

4. Apparatus as claimed in any one of the preceding 
claims, in which the said compressor and the said 
expansion turbine employ dry gas seals or floating 
carbon ring seals so as, in operation, to minimise 20 
leakage of working fluid out of the working fluid cy- 
cle. 

5. Apparatus as claimed in any one of the preceding 
claims, additionally including a source of make-up 25 
working fluid. 

6. Apparatus as claimed in claim 5, additionally includ- 
ing a third pre-assembly comprising make-up work- 
ing fluid supply means on a third platform. 30 

7. Apparatus as claimed in any one of the preceding 
claims, in which the first and second platforms are 
skid-mounted. 



8. Apparatus as claimed in any one of the preceding 
claims, additionally including means for returning 
un liquefied vapour to a storage tank from which the 
vapour to be reliquefied is evolved. 

9. Apparatus as claimed in any one of the preceding 
claims, additionally including means for passing un- 
liquefied vapour to the suction of a gas turbine or a 
diesel engine. 

10. A ship or ocean going vessel incorporating appara- 
tus as claimed in any one of the preceding claims. 
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